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Differential effects of calorie restriction on glomeruli and tubules of the
remnant kidney. We have previously shown that 40% calorie restriction
(CR) prevents renal injury 21 weeks after 5/6 nephrectomy (Nx) in rats,
regardless of whether protein intake was concurrently restricted or not.
Growth retardation appeared to be a necessary prerequisite for the
protective effects of CR. To further study these mechanisms, we
performed 5/6 Nx in male F344 rats and pair-fed them with a control diet
(ad lib group) or a high protein diet restricted by 40% so that protein
intake was similar, but calorie consumption was reduced (CR group).
Four weeks after 5/6 Nx, when glomerulosclerosis had not yet devel-
oped, we compared various parameters as follows in both dietary
groups and sham operated rats: urinary protein excretion (uPr), GFR
('4C inulin clearance), mean nephron GFR (MNGFR; GFR divided by
total number of glomeruli), glomerular volume (VG), tubulointerstitial
index (Til), a measure of tubular damage kidney weight (kidney wt),
kidney IGF-I content by RIA, and IGF-I immunohistochemistry. CR
ameliorated the increase of MNGFR, but not glomerular hypertrophy.
Til, kidney wt and kidney IGF-I content were increased in the ad lib Nx
group; these changes were alleviated by CR. Two weeks after 5/6 Nx,
immunohistochemistry for IGF-I showed increased staining in superfi-
cial distal nephrons in the ad lib group, and this was also suppressed by
CR. The occurrence of tubulointerstitial pathology prior to glomerulo-
sclerosis, and the beneficial effects of CR on all parameters except Vg
indicate a dissociation of mechanisms which result in tubular versus
glomerular hypertrophy and damage. Specifically, they suggest that
tubular damage may occur secondarily to glomerular hyperfiltration and
work-related tubular hypertrophy, rather than as a process of ischemia
due to compromise of post glomerular circulation by glomerulosclero-
sis.
It has been shown that dietary manipulation can influence the
outcome of progressive renal disease [1—6]. Numerous studies
suggest that dietary protein restriction can preserve renal
function and structure in various models of experimental renal
disease. Frequently overlooked, however, is the fact that low
protein diet (<8% casein) can also lead to decreased food
intake, and growth retardation [6], making it difficult to know
whether the beneficial effect is due to a low protein diet per se
or overall food restriction [7]. In fact, phosphorus restriction,
which is also another nutritional intervention known to protect
from experimental renal injury, also leads to decreased food
intake and growth retardation [4]. In this regard, our previous
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study has clearly shown that 40% calorie restriction prevents
end-stage renal pathology in remnant kidneys regardless of the
extent of protein intake [3]. Although the mechanisms still
remain unknown, we suggested that growth retardation is a
necessary prerequisite for such protective effects in the rat.
When functional renal mass is reduced, the remaining kidney
tissue increases in size and function [8, 9]. Hemodynamic
alterations, including glomerular hyperfiltration, are important
components of the adaptive response [9]. Accordingly, to
elucidate the mechanisms how calorie restriction prevents
chronic progressive glomeruloscierosis, it is necessary to study
how this dietary regimen affects compensatory renal growth
(CRG) and the hemodynamic changes. The mechanisms which
underlie CRG are still speculative [10].
Recently, much attention has been focused on the pathophys-
iological role of peptide growth factors in tissue growth, devel-
opment, and repair [11]. Insulin-like growth factor-I (IGF-I) has
a molecular wt of 7,649 Da with 70 amino acids. IGF-I is
synthesized and released from many cells and tissues including
the liver and kidney [12]. We and other investigators have
shown a distal nephron dominant localization of this peptide in
normal rat kidney [13—15]. More recently, it has been shown
that infusion of recombinant human IGF-I increases single
nephron plasma flow and single nephron glomerular filtration
rate in association with increased glomerular ultrafiltration
coefficient (LpA) [16]. It is also possible that IGF-I could be
involved in CRG, as tissue IGF-I content or immunostainable
IGF-I is increased in uninephrectomized rat kidney [17—19],
The goal of the experiments reported here was to gain insight
into possible mechanisms involved in the beneficial effect of
calorie restriction on progressive renal disease in the remnant
kidney. With this end in view, we have assessed the impact of
calorie restriction on a number of functional and structural
parameters and kidney IGF-I content one month after removal
of 5/6 of the renal mass.
Methods
Fifty-five male Fisher 344 rats, weighing approximately 250 g,
were used. They were given tap water and fed ad libitum
semipurified diets (Ralston Purina Co., Richmond, Indiana,
USA) containing 22.5% casein prior to this experiment. Ani-
mals were housed individually in plastic cages with wire mesh
floors.
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Table 1. Content of diet
Ingredient
Percentage by weight
AP diet DP diet
Vitamin free casein 21.00 35.00
Sucrose 15.00 15.00
Solka floc 3.00 3.00
Corn oil 10.00 10.00
Dextrin 43.43 26.13
DL-methionine 0.15 0.25
RP vitamin mix 2,00 3.33
Choline chloride 0.20 0.33
RP mineral mix 5.00 5.00
CaHPO4 0.30
CaCO3 0.22 0.64
Total 100.0 100.0
Elemental composition
Protein % 19.32 32.30
Fat % 10.00 10.00
Carbohydrate % 60.43 32.30
Energy Kcal/g 4.10 3.97
Calcium % 0.84 1.40
Phosphorous % 0.62 1.03
Sodium % 0.29 0.29
Magnesium % 0.065 0.065
Potassium % 0.46 0.46
Zinc ppm 20 20
Forty-two rats underwent a 5/6 nephrectomy (Nx) by re-
moval of the right kidney and ligature of two of the three
segmental branches of the left renal artery to produce two-
thirds infarction of the left kidney. This was achieved in a
one-step procedure under pentobarbital anesthesia (50 mg/kg
body wt, intraperitoneally). In addition, 13 animals subse-
quently assigned to the control diet described below underwent
sham nephrectomy (Group I). After ad libitum consumption of
the control diet during the first postoperative week, nephrecto-
mized animals were assigned to one of the following dietary
groups. Group II consumed a 21% casein diet (AP diet) ad
libitum (complete contents of diets are listed in Table 1). Group
III (overall food restriction without protein restriction) was
given a daily allotment of its respective diet (DP diet) which
weighed 60% of the amount consumed by Group II. The diet in
Group III contained 35% casein so as to provide the same
amount of protein, but fewer total calories when consumed in
restricted fashion. This dietary design is used by Drs. Masoro
and Yu, University of Texas Health Science Center at San
Antonio, Department of Physiology, for the purpose of inves-
tigating the effect of food restriction on aging [201. The calorie
content of the diet was adjusted by reduction of corn oil,
sucrose, and dextrin. Calcium and phosphorus were adjusted
upwards so that restricted consumption of the diet did not result
in decreased consumption of these minerals. Food bowls were
weighed twice weekly throughout the study in order to quanti-
tate the total amount of food eaten by each animal. Body weight
was measured weekly. Twenty-four-hour urine specimens were
collected four weeks postablation and assayed for protein by
the sulfosalicylic acid method [21]. Urine urea nitrogen and
phosphate excretion were also measured according to the
standard method.
Functional study
Terminal '4C inulin clearance was measured four weeks after
renal ablation. Twenty-three rats were anesthetized with mac-
Table 2. Dietary consumption data
Group
Mean caloric intake M
kcallday/rat
ean protein intake
g/day/rat
Group I (Sham-ad lib.)
Group 2 (Nx-ad lib.)
Group 3 (Nx-restriction)
56.8
55.6
32.0
2.98
2.91
2.80
tin (100 mg/kg body wt, intraperitoneally) and placed on a
temperature-regulated table. A tracheostomy was performed
with PE 240 tubing and the right carotid artery was cannulated
with PE 50 tubing to monitor blood pressure and obtain blood
samples. The left jugular vein was cannulated with PESO tubing
for 14C inulin infusion (50 d/min), and the urinary bladder was
cannulated for collection of urine specimens. Ringer's solution
was infused at a rate of 50 p1/mm. After a 90-minute equilibra-
tion period, a 60-minute '4C inulin clearance was performed.
Blood samples were obtained before and after the clearance
study. Urine was collected in a preweighed vial. '4C inulin was
measured in a liquid scintillation counter. After the completion
of clearance, 1 ml of India ink (Gunther Wagner Cli 1432 A)
was slowly injected into the abdominal aorta as a marker for
glomerular counting. According to the method described by
Kaufman et a!, mean nephron glomerular filtration rate
(MNGFR) was estimated by dividing whole kidney GFR by
total number of glomeruli [221. After the animals were killed,
kidneys were decapsulated. To count the total number of
glomeruli, the kidney was fixed with 10% buffered formalin
overnight, and macerated in 25% HC1 for -18 hours at 50°C.
The digest was diluted in distilled water to a final volume of 20
ml and stirred mechanically while ten aliquots were drawn into
50 p1 pipettes from different levels of the solution. The total
number of glomeruli was counted under a dissecting micro-
scope.
Histological study
Four weeks after nephrectomy, 16 animals anesthetized with
pentobarbital were used for histological and immunohistochem-
ical study (N = 4 in Group 1, N = 6 in Group 2, N = 6 in Group
3).
Perfusion fixation and tissue preparation. Left kidneys were
perfused with 20 m phosphate buffered saline (PBS) contain-
ing 5 m glucose, 4 mii KC1 (310 mOsm, pH 7.4) at 37°C at a
pressure of 130 mm Hg to clear them completely of blood within
30 seconds. Perfusion was then continued for five minutes with
4% freshly made formaldehyde diluted with 0.1 Mphosphate
buffer (carrier osmolarity 230 mOsm/kg) at a pressure of 160
mm Hg. The kidney was excised, decapsulated, and weighed.
Coronal sections cut 3 mm in thickness were immersed for one
to two hours or overnight. After washing with PBS, the tissue
was dehydrated rapidly and embedded in paraffin within a day.
Total time for dehydration and infiltration with paraffin did not
exceed two hours. Four jsm-thick sections were collected on
glass slides coated with 0.1% polylysine hydrobromide (Poly-
science INC., Warrington, Pennsylvania, USA) and were used
for immunohistochemistry. Other sections were stained with
periodic acid/silver methenamine and counter-stained with he-
matoxylin and eosin for morphometry.
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Table 3. Clearance study one month post-ablation
Groups
BP
mm Hg
GFR
mi/mm
No. of
glomeruli
MNGFR
ni/mm
Sham N = 5
Ad libitum N = 9
Food restriction N = 9
124 10
127 13
127 7
2.626 0.616
1.164 0.214a
0.823 0.l55'
59512 2426
12771 2494
13600 322l
44.1 9.8
93.8 22.8a
61.0 ÷ 50a,b
P values are ANOVA followed by Student-Newman-Keuls.
a P < 0.05 vs. Shamb P = 0.05 vs. Ad libitum
Morphometry. The glomerular volume (V0) for each animal
was calculated by the following procedure. For this purpose,
the mean glomerular random cross-sectional area (AG) was
taken from the diameter of each glomerulus using a microscale
attached to the ocular lens. Fifty systematically-sampled gb-
merular tuft profiles were measured from cortex to juxtamed-
ullary region one after another. The VG was calculated as:
VG = f3/K(A0)312,
where /3 1.38, a shape coefficient for spheres, the idealized
shape of the glomerular tuft, and K = 1.1, a size distribution
coefficient [23].
Tubulointerstitial pathology was assessed by morphometric
analysis using a point counting technique as described before
[3]. Morphometry was initiated from the left edge of the
specimen. Each field was observed with a low power objective
lens (lOx), and then changed to higher magnification (40x)
without moving. After counting points falling on interstitium
and tubular epithelial cells, the magnification of the objective
lens was changed again to lOx and moved to an adjacent area,
continuing from cortex to the juxtamedullary region. Twenty
fields measured in this manner were equally distributed be-
tween superficial and deep cortical regions. Points falling on
glomeruli, arteries, and tubular lumina were disregarded. For
each kidney, the total number of points falling on interstitium
and tubular epithelial cells was used to calculate the tububoin-
terstitial volume (TIl: tubulointerstitial index).
Til =
Points on interstitium
Points on interstitium + Points on tubular epithelial cells
Morphometry was performed blindly in a coded fashion.
Immunohistochemistry for IGF-I. Since we failed to demon-
strate no increase of immunoreactivity of IGF-I four weeks
after nephrectomy, we studied the rats two weeks after ne-
phrectomy. Accordingly, as described below, serum and tissue
IGF-I were also measured two weeks after nephrectomy.
Immunohistochemistry was performed by the avidin-biotin-
peroxidase technique [24]. Deparaffinized and rehydrated slides
were immersed in 3% aqueous hydrogen peroxide for 30 min-
utes to quench endogenous peroxidase activity. Non-specific
binding of biotinylated goat anti-rabbit antibody was blocked by
treatment for 30 minutes with 3% normal goat serum in 0.1 M
Tris buffered saline containing 0.05% Tween 20 (TBS-T) and
0.05% sodium azide. Sections were incubated with rabbit
anti-human IGF-I antibody provided through the National
Institute of Diabetes, Digestive and Kidney Disease, National
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Fig. 1. Body weights of rats before and after nephrectomy. Symbols
are: (•) Group 1, (D) Group 2, (A) Group 3. All groups experienced
significant weight loss during the first postoperative week when food
intake was diminished. Since calorie restriction was initiated 1 week
after surgery, this group was unable to recoup the postoperative weight
loss.
Group 1 Group 2 Group 3
Fig. 2. Glomerular volume was increased in both nephrectomized
groups, compared with the sham operated group. There were no
differences between the ad iibitum fed and food restricted groups. Thus,
glomerular hypertrophy is not altered by calorie restriction.
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Fig. 3. Light microscopic findings 4 weeks
after 5/6 nephrectomy. (A) Group II,
nephrectomized rat fed ad libitum. There is
significant focal interstitial fibrosis and tubular
atrophy with mononuclear cell infiltration. (B)
Group III, nephrectomized rat fed a calorie
restricted diet. Tubulointerstitial alterations
are suppressed.
Hormone and Pituitary Program by Drs. Louis E. Underwood
and Judson J. Van Wyk, University of North Carolina, Chapel
Hill, North Carolina, USA and used at a dilution of 1:400 in
TBS-T for two hours. Following three rinses in TBS-T, a
biotinylated goat anti-rabbit antibody (Vector Laboratories,
Burlingame, California, USA) diluted 1:500 in TBS-T was
applied for 30 minutes. Subsequently, the sections rinsed in
TBS-T were incubated in avidin-biotin peroxidase complex
(ABC Elite; Vector Laboratories) for 30 minutes. Finally, the
color was developed by treating the sections with a chromoge-
nic component composed of 0.05% 3,3'-diaminobenzidine
(DAB) (Sigma Chemical Co., St. Louis, Missouri, USA), 0.01%
(vol/vol) hydrogen peroxide and 0.01 M imidazol made in 0.1 M
Tris-HCI buffer (pH 7.4). Tissue sections were lightly counter-
stained with hematoxylin, dehydrated in an ascending ethanol
series and xylene, and mounted with coverslips.
Immunospecificity study. The specificity of staining for IGF-I
was verified in several ways. The control incubations included:
(1) use of nonimmune rabbit serum instead of the specific
primary antibody; (2) use of normal rabbit IgG (10 gIml)
instead of the primary antibody; and (3) omission of the
biotinylated secondary antibody. To further evaluate immuno-
specificity, antibody preabsorbed with excess antigen was used,
as has been already shown [13].
IGF-I RIA study
Sixteen rats were used for serum and kidney IGF-I measure-
ments (N = 4 in Group I, N = 6 in Group II, N 6 in Group
III).
IGF-I was extracted from tissue prior to its measurement by
RIA. Kidney tissues were pulverized to a powder under liquid
nitrogen, weighed, and IGF-I separated from carrier proteins by
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Fig. 4. Tubulointerstitial index (TI!) estimated by point-counting
method reveals that calorie restriction suppresses the tubulointerstitial
alterations seen in Fig. 3A.
extraction in chilled 1 M acetic acid; 5 mug tissue yielded a final
pH of 3.6 to 4.2. D'Ercole, Stiles and Underwood have shown
that this method leads to a better than 80% recovery of pure
IGF-I added to tissue extract [12]. Tissue extracts were lyoph-
ilized to dryness, and reconstituted with 0.05 M Tris-HC1 buffer
(pH 7.8) in a ratio of 2 ml of buffer to 1 g of original tissues. The
extracts were then clarified by centrifugation to 6700 x g.
Extracts were frozen at —20°C and saved until RIA for IGF-I.
IGF-I was measured using a commercially available RIA kit
(Nichols Institute, California, USA). Serum IGF-I was also
measured by RIA. According to the instructions provided by
the company, the antiserum of IGF-I shows virtually no cross
reactivity with other peptide hormones. Studies have shown
<0.03% reactivity with porcine proinsulin, and <0.5% cross-
reactivity with IGF-II.
Statistics
The results are expressed as mean standard deviation.
Data from multiple groups were compared using one-way
ANOVA followed by Student-Newman-Keuls procedure. The
results were deemed statistically significant when the P value
was <0.05.
Results
Mean protein and calorie intakes for each of the dietary
groups are shown in Table 2. These data show that an —40%
calorie restriction was achieved in the calorie restricted group.
Rats in the calorie restricted group appeared healthy throughout
the study, and had good appetites, usually consuming their
daily food allotment within two hours. All groups experienced
significant weight loss during the first postoperative week when
food intake was diminished while recovering from surgery.
Since the calorie restricted diet was initiated one week after
surgery, this group (Group 3, Nx-restriction) was unable to
recoup the postoperative weight loss (Fig. 1).
Functional data
There were no differences among the groups with regard to
blood pressure (Table 3). Twenty-four-hour urinary protein
excretion was significantly increased in 5/6 nephrectomized rats
fed the ad libitum dietary regimen (Group II): 13.0 6.2 mg/day
compared with 3.60 1.3 mg/day in the sham operated group
fed the ad libitum diet (Group I). This increase was prevented
by food restriction (5.0 2.7 mg/day). As summarized in Table
3, calorie restriction (Group III) significantly lessened GFR,
and MNGFR compared with those in 5/6 nephrectomized rats
fed the ad libitum diet (Group II) (0.82 0.16 vs. 1.16 0.21
mllmin, 61.0 5.0 vs. 93.8 22.8 nllmin, respectively). Total
number of glomeruli left in the remnant kidney was similar in
both ad libitum and food restricted groups, approximately 20%
of those in sham operated rats, which means that extensive
ablation was equally achieved in both groups. Twenty-four-
hour urine urea nitrogen excretion was significantly increased in
5/6 nephrectomized rats fed the calorie-restricted dietary regi-
men (206 28.3, 221 59.0, 386 75.8 mg/day in Groups I, II,
and III, respectively). There was a statistically significant
increase in phosphate excretion in both 5/6 nephrectomized
rats, comparing with that in sham operated rats, but was not
between Group II and Group 111(11.9 1.1, 44.4 8.0, 38.0
4.3 mg/day in Groups I, II, and III, respectively). The serum
phosphate level was not statistically different between groups
(5.5 1.1, 5.2 0.7, 5.4 0.9 mg/dl, in Groups I, II, and III,
respectively).
Morphological data
Kidney weights after fixation were 0.98 0.09, 1.27 0.13,
and 1.09 0.08 grams in Group I, Group II, and Group III,
respectively. The difference between Groups II and III was
significant. Thus, calorie restriction seems to significantly di-
minish compensatory renal growth after 5/6 nephrectomy. By
light microscopy, there was mild mesangial hyperplasia, but no
scierosed and/or hyalinized glomeruli in both nephrectomized
groups (Group II and Group III). Compared to sham operated
rats, glomeruli in the nephrectomized groups were enlarged
estimated as VG; however, the degree of enlargement was
similar in both groups (1.45 0.07, 1.94 0.24, and 1.90 0.29
p.m3 x 106 in Group I, Group II, and Group III, respectively).
Thus, glomerular hypertrophy was not altered by calorie re-
striction (Fig. 2). There was significant focal interstitial fibrosis
with tubular atrophy and mononuclear cell infiltration in Group
II; no such lesions were detected in calorie restricted rats
(Group III; Fig. 3 A and B). These differences in tubulointer-
stitial pathology were reflected by tubulointerstitial indices
obtained by point counting (Fig. 4).
Immunohistochemistry
We have reported on the normal localization of IGF-I in rat
kidney [13]. Immunostaining, in descending order of intensity,
was found in papillary collecting ducts, medullary collecting
ducts, thick ascending limbs of Henle's loops, cortical collect-
ing ducts, and distal convoluted tubules. There was no staining
in glomeruli, or the cytoplasm of proximal tubules. Studied four
weeks after surgery, there was no increase of IGF-I staining in
the distal nephron. However, two weeks after nephrectomy,
increase of immunoreactivity was noted in tubules from rats fed
the ad libitum diet (Group II). There was increased immuno-
staining in segments of the superficial distal nephron, such as
cortical collecting ducts and distal convoluted tubules. Aug-
mentation of immunostaining was prevented by calorie restric-
tion (Fig. 5). We could not be certain whether the intensity of
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Fig. 5. Immunohistochemistry by avidin-
biotin peroxidase complex method in the
remaining kidney 2 weeks after 5/6
nephrectomy. (A) Group II, nephrectomized
rat fed ad libitum. Intense immunoreactivity
for IGF-1 is seen in cortical collecting ducts
and distal convoluted tubules. (B) Group III,
nephrectomized rat fed a calorie restricted
diet. The reactivity for IGF-l in superficial
distal nephron segments is significantly less
compared with those in Group II, and similar
to that observed in control kidneys (not
shown).
immunoreactivity in medullary collecting ducts was increased
since the staining was too intense even in sham operated
animals.
IGF-I RIA
As shown in Figure 6, the baseline IGF-I value was 172.9
10.3 ng/g tissue (Group I). Two weeks after 5/6 nephrectomy,
kidney IGF-I content was significantly increased to 381.7
112.3 nglg (Group II), while calorie restriction resulted in a
significantly smaller increase in kidney IGF-I content to 249.3
60.4 nglg, which is in parallel with the results observed by
immunohistochemistry as described above. The serum IGF-I
level, however, was not statistically different between groups
(764 50, 707 94, 701 198 ng/ml, in Groups I, II, III,
respectively).
Discussion
These studies confirm our previous observation that calorie
restriction ameliorates the increased proteinuria seen in 5/6
nephrectomized rats. However, our main objective was to
attempt to elucidate the mechanisms that lead to progressive
loss of renal parenchyma, and how this is affected by calorie
restriction. Initially, our studies were directed toward charac-
terizing alterations of GFR and glomerular hypertrophy, since
these are important factors in the pathogenesis of glomerulo-
sclerosis [1, 9, 25, 261. We studied these parameters four weeks
after nephrectomy, at which time there were no sclerotic
glomeruli in conventional paraffin embedded 3-pm thick sec-
tions. There was no rise of blood pressure in either dietary
group four weeks after 5/6 nephrectomy. Our previous study [3]
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Fig. 6. Kidney Content of IGF-1 measured by RIA. As suggested by the
findings in Figure 5, renal content of IGF-I is increased in the kidneys
of nephrectomized rats fed ad libitum. The increase is prevented by
calorie restriction.
and other experiments show that blood pressure tends to
increase 8 to 10 weeks after 5/6 nephrectomy. The difference of
time course of the development of hypertension might be, at
least in part, due to the strain difference of rats used. Our
observations showed that calorie restriction ameliorated the
increases of GFR and MNGFR which otherwise occurred in the
ad libitum group, while glomerular hypertrophy was not af-
fected.
On the other hand, our results suggested that tubular hyper-
trophy was decreased by calorie restriction, since compensa-
tory increase of kidney weight after nephrectomy was also
lessened. Hypertrophy of tubules has been documented to
occur during compensatory kidney growth and represents a
substantial part of the increase in renal mass [27, 281. Of
considerable interest, our studies demonstrate the occurrence
of significant tubulointerstitial pathology in the complete ab-
sence of glomerulosclerosis. This remarkable finding must be
considered in the light of a greater than twofold increase of the
MNGFR, which indicates that glomerular blood flow could not
have been decreased and was in all probability increased.
Previous studies have documented greater than twofold in-
creases of glomerular blood flow after 5/6 nephrectomy, corre-
sponding to the increases of glomerular filtration [29]. Taken
together, these considerations suggest that compromise of the
postglomerular circulation by glomerular obstruction due to
glomeruloscierosis could not have been a factor in the patho-
genesis of the tubulointerstitial damage. Rather, it seems more
plausible to seek relationships between hyperfiltration, in-
creased tubular work, work-related metabolic factors and tubu-
lar hypertrophy, and the development of tubular damage. The
association of increased IGF- 1, tubular hypertrophy and tubu-
lar damage, and the amelioration of all of these effects by
calorie restriction suggests a relationship that is plausible, but
cannot be proven at the present time. With regard to the
increased urea nitrogen excretion in Group III (Nx-restriction)
despite the same intake of protein, in the presence of reduced
energy more proteins might be used for gluconeogenesis, and
less for protein synthesis. This finding is compatible with that
described by Kleinknecht et al [5].
Several adaptations that nephrons undergo during compen-
satory growth are relevant in this context. One important
adaptation is that Na reabsorption is increased and this is
associated with increased K excretion [8]. It has been sug-
gested that tubular fluid flow rates are augmented in the
remnant kidney owing to increases of single nephron GFR. This
phenomenon leads to enhanced Na/H antiport activity and
cellular alkalinization, a common early event in cell growth
[30]. If increases of GFR are prevented by calorie restriction,
augmented tubular fluid flow rates and cell alkalinization would
be preempted, which would tend to prevent the growth re-
sponse. Increased work load on tubules caused by hyperifitra-
tion could lead to cell growth by mechanisms mediated by
growth factors. We have recently shown that IGF-l and an IOF
binding protein are colocalized in the distal nephron of rats [13].
We have also shown (reported in abstract form) that increased
work load imposed on the distal nephron by the diuretic
furosemide increases immunoreactivity in these tubule seg-
ments for IGF-l and IGF binding protein [31]. Since increased
Na delivery to the distal nephron induced by furosemide is
known to lead to tubular hypertrophy [32], there is a possibility
that IGF-1 is involved in the process. That calorie restriction
decreased not only GFR, but kidney weight and renal IGF-1
content following nephrectomy is consistent with this theory.
Tubular hypermetabolism due to increased work load per
nephron caused by hyperfiltration has been invoked as a
pathogenetic factor favoring tubule damage in remnant kidneys
[33, 34]. An obligatory increase in the tubular reabsorption of
filtrate driven by hyperfiltration in the remnant kidney results in
increased oxygen consumption and tubular hypertrophy. Nath,
Croatt and Hostetter found that oxygen consumption per neph-
ron in the remnant kidney was increased out of proportion to
the increase in sodium reabsorbtion, and suggested that these
changes may be accompanied by increased generation of reac-
tive oxygen species which might injure the tubular cells [35].
Calorie restriction, by alleviating hyperfiltration, may also
prevent increased metabolism and the generation of radicals.
There is evidence that food restriction can decrease free radical
damage that occurs during aging [36]. Administration of the
Ca + channel blocker, verapamil, and phosphorus restriction,
both of which protect the remnant kidney, have been shown to
reduce oxygen consumption in the isolated perfused remnant
kidney, independent of changes in inulin clearance and sodium
reabsorption [34]. Whether the effects of calorie restriction
could also be targeted on cellular phenomena caused by hyper-
filtration in addition to hyperfiltration itself is not known, and
must remain speculative. However, by alleviating increased
filtration, calorie restriction must surely preempt an entire
cascade of events that lead not only to increased work load and
cellular hypertrophy, but presumably, to tubular damage as
well.
An intriguing aspect to the interpretation of our results is that
the mechanisms responsible for glomerular and tubular hyper-
trophy appear to be separate; calorie restriction dissociated the
two processes that otherwise occur concurrently. It is difficult
to determine the factors which underlie glomerular hypertrophy
in the remnant kidney at the present time.
In conclusion, we demonstrated that calorie restriction by
40% without protein restriction lessened the increase of urinary
protein excretion, GFR, MNGFR, kidney weight, and kidney
Kidney IGF-l content
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IGF-I content in 5/6 nephrectomized rats, while glomerular
hypertrophy was not altered. Furthermore, tubulointerstitial
changes were clearly suppressed by calorie restriction. These
results suggest that relationships between glomerular hyperfil-
tration, tubular hypertrophy and tubulointerstitial pathology
will be important factors to consider in the pathogenesis of
progressive renal disease following loss of renal mass. They
also suggest that tubular hypertrophy and damage, and glomer-
ular hypertrophy and damage may occur by separately regu-
lated processes in the remnant kidney. Because tubulointersti-
tial changes correlate better with renal function in the failing
kidney than do glomerular alterations, our results underscore
the need for greater attention towards this aspect of the renal
damage that follows substantial loss of renal mass by disease
processes.
Reprint requests to Shuzo Kobayashi, M.D., 1st. Department of
Medicine, Hamamatsu University, School of Medicine, 3600 Handa-
cho, 431-31, Japan.
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